everted sac; intestinal physiology; solute transport; ion transport BREAKTHROUGHS IN RESEARCH have come through inventive thought and technical approaches by the inquisitive minds of scientists who think outside "the box." Inevitably, new experimental approaches are developed to address specific research questions. Over the past 60 years, many techniques have been developed that have ushered in a wealth of research avenues. These techniques include the Ussing chamber (31), perfused renal tubule (7, 8) , patch-clamp (24) , polymerase chain reaction (23) , and site-directed mutagenesis (16) , for example.
Undoubtedly, we have entered the age of "high-throughput" science and technology. Nonetheless, there are more simplistic technical approaches that still yield very exciting results. A case in point is the intestinal everted sac preparation (everted sac prep) developed by Gerald Wiseman (1923 Wiseman ( -2000 and Thomas Hastings Wilson (1925-?) (Fig. 1 ) and published 60 years ago (36) . This technique is still used today to investigate physiological questions of the intestine. The everted sac prep has become a mainstay technique in pharmaceutical and pharmacological research (2) . The use of the everted sac prep has blossomed in research. For example, the use of the everted sac may enhance the understanding of pharmacological approaches of intestine physiology, resulting in potential clinical treatments for individuals with intestinal disorders (2) . Additionally, the everted sac prep is used to highlight the mechanism of glucose absorption of the intestine in the university arena (17) .
A simple measure of the impact of the everted sac prep on science is noted by conducting a Google Scholar search for "everted sac preparation," and as of this writing, one finds ϳ16,400 hits for the preparation. Additionally, the Wilson and Wiseman (36) paper has been cited over 1,090 times (Google Scholar). This article is a short historical review of the development of the in vitro intestinal preparations that led Wiseman to develop the everted sac preparation and its use in science.
Progress From Whole Body to In Vivo and In Vitro Intestinal Preparations
To place the development of the everted sac prep in context, we begin with a review of the advancement of techniques developed to investigate the anatomy and physiology of the intestine. Even during the late 1400s and early 1500s, Leonardo da Vinci investigated the anatomy of the human body and animals. One example of his work that most people would recognize is his drawing of the Vitruvian Man (male figure with two superimposed figures within a circle, c. 1490). However, da Vinci produced a substantial number of drawings of the human body including detailed drawings of the abdomen and the intestine (19) . Wilson (35) provides a brief history of early in vivo and in vitro methods for investigating the physiology of the intestine. Briefly, he states that during the mid19th century, Thiry (30) developed an intestinal fistula method for conducting physiological experiments on absorption in unanesthetized animals [readers are referred to Wilson (35) for drawings of Thiry] . Throughout the second half of the 19th and first half of the 20th century (35) , progress was made on various in vivo intestinal methods including intestinal cannulation, direct addition of fluid to the stomach (10), tied-loop intestine preparation (32) , intestinal loop circulation (29) , and intestinal intubation (22) . These in vivo methods certainly provided scientists with experimental tools to progress the field of intestinal physiology.
The next technological step in studying intestinal physiology was to investigate the properties of the isolated intestine with the use of in vitro techniques (35) . One of the earliest attempts was made by Reid (26, 27) in which he mounted a sheet of intestinal tissue within two compartments (Fig. 2) . Reid described his apparatus as "A double layer baudruche (stocked in saline to avoid imbibition error) forms a vertical membrane between two halves of a horizontally placed cylindrical glass vessel, each half having a horizontal tube." Reid (27) described a few shortcomings of his apparatus: 1) a small piece of tissue is used, therefore the apparatus has to be small; 2) the observation tubes must be of fine caliber and thus maintaining constant temperature could be difficult for mammalian tissues; and 3) no oxygenation was possible. Even with these drawbacks, Wilson (35) said of the work by Reid that the "First important physiological information obtained with isolated intestine concerned the absorption of fluid across the intestine against a hydrostatic pressure gradient."
In 1949, Fisher and Parsons (13) introduced the first welloxygenated in vitro preparation (Fig. 3 ) in which they cannulated both ends of the intestine of a lightly anesthetized rat and set up a closed circulation through the lumen of the intestine to maintain oxygenated buffered fluid. After which, the cannulated intestine was transferred to the circulation apparatus ( Fig.  3 ; label "I" is the intestine), and the absorptive processes were measured by sampling the oxygenated fluid circulating through the lumen and fluid bathing the outer surface of the intestine. They suggested that the success of their technique was because there was little to no time in which the mucosal cells of the intestine were deprived of oxygen. Fisher and Parsons (13) concluded their paper by stating ". . . The preparation extends the possible range of studies of intestinal absorption, since it renders accessible to study the form and amount in which solutes leave the peripheral border of the intestinal mucosa." There was little doubt that the circulation preparation by Fisher and Parsons was a major advance in studying the ion, solute, and fluid transport by the intestine. Relatively shortly thereafter, Wiseman (33) and Darlington and Quastel (12) published papers with variations in design of the intestinal circulation unit. Darlington's and Quastel's unit was based on the Fisher and Parsons unit, but had ". . . the advantage of simplicity and ease of construction," while Wiseman (33) claimed that his apparatus (Fig. 4) was similar, in principle, to the unit of Fisher and Parsons (13) but had the advantage of being simple to use, yielding a relatively larger ratio of intestine to outer fluid, with the distention pressure being quite low (10 cmH 2 O). Wiseman (33) did make the point, however, that his circulation unit had slight disadvantages, including that there was a short time of perfusion of the inner fluid that was discontinuous and that the length of the intestine was not easily altered as compared to the circulation unit of Fisher and Parsons (13) . There were addi- tional modifications of the in vitro technique (6, 11, 34) . So, how did the everted sac come to be?
Enter Wiseman and Then Wilson-and Their Everted Sac Preparation
Dr. Gerald Wiseman, MB, BS, MD, and PhD , studied at University College London and University College Hospital from 1942 to 1947, where he achieved his first two academic degrees (3, 9) . While during medical school, Wiseman started to question the then current mechanism of absorption of nutrients by passive diffusion by the intestine and would then spend his career pursuing the "real" mechanism (3). In a fortuitous opportunity in 1948, Wiseman responded to an advertisement for a position of Lecturer in Physiology posted by Prof. David Symth (FRS, 1908 (FRS, -1979 , who was the Chair of Physiology of the Department of Physiology at the University of Sheffield (5, 9 (9) that "At Sheffield he [Wiseman] was surrounded by people who were doing estimations of amino acids with enzymes from bacteria, in the Department of Biochemistry which he said he was in most of the time and hardly in Physiology at all." Wiseman saw this as an opportunity to be surrounded by individuals with similar interests in which he could pursue the "real" mechanism for the absorption (transference of substances) of amino acid by the intestine (3). Shortly thereafter, Wiseman teamed up with Prof. Quentin H. Gibson (FRS, 1918 , retired from Cornell University and was the Greater Philadelphia Professor from 1965 until 1996; Ref. 25) , and using a small intestinal loop in vivo preparation of an anesthetized rat, they demonstrated that for the thirteen amino acids, both L-and D-isomers, only the L-isomer "disappears" more quickly than the D-isomer when a racemic mixture was introduced into the small intestine (15) . Based on their findings, they stated ". . . this is regarded as evidence for an active process in the absorption of amino-acids." However, Gibson and Wiseman (15) emphasized in their paper that they deliberately used the words "L-isomer disappears" as they stated ". . . the experiments described here do not establish that the amino-acids are in fact transferred to the blood stream . . ." Soon thereafter, Wiseman (33), using his modified circulation unit (Fig. 4) , convincingly demonstrated that L-isomers of alanine, phenylalanine, methionine, histidine, and isoleucine were "transferred" out of the rat small intestine against a concentration gradient (i.e., active transport) while the D-isomers were not "transferred" against a concentration gradient. During Wiseman's work, by happenstance, he was walking through the Department of Biochemistry and stopped by the laboratory of Robert E. Davies (FRS, 1919 (FRS, -1993 ; retired as Emeritus Professor at the University of Pennsylvania; Ref. 20) , who was using manometry to study the acid secretion of the frog stomach (Dr. Roy Levin's comments in Ref. 9). Levin (from Ref. 9) describes the encounter of the two scientists as follows: "What attracted Gerald's attention was the fact that the manometers were being gassed with rubber tubes and as he [Wiseman] was doing manometry, he [Wiseman] thought, "What on earth is he doing?" So he popped into the laboratory and said to him,"Why are you gassing it?" and Davies said,"Well, I have got stomachs inside." Gerald said,"Can you keep the stomachs alive?" and he [Davies] said,"Oh yes! They go on for a long time." And then he [Wiseman] Unfortunately, it has been difficult to obtain much information regarding the life of Thomas Hastings Wilson (MD, PhD; As stated above, Wiseman possibly visualized the everted sac prep while he was speaking with Robert Davies. Wiseman and Wilson worked with a number of animals to determine the viability of the everted sac preps before finally settling on the golden hamster. Prof. Chris Cheeseman (Department of Physiology, University of Alberta, Edmonton, Canada) was an undergraduate and a PhD student at Sheffield and knew Wiseman quite well (C. Cheeseman, personal communication). Prof. Cheeseman recalls that the development of the everted sac technique by Wiseman was "extremely thorough," involving many metabolic studies and extensive testing of all the ideal conditions for ensuring that the tissues survived for the course of the experiment. Prof. Cheeseman relays that Wiseman's choice of the golden hamster over the rat was because the use of anesthetics would unfavorably affect the tissue; therefore, Wiseman chose to use "blunt trauma to kill the animals and then quickly remove the intestine" (C. Cheeseman, personal communication). In the now classic paper, Wilson and Wiseman (36) used both the golden hamster and the rat to examine the active transference of glucose and methionine across the intestine with their novel technique. In the opening paragraph of their paper, they write, "A preparation of isolated small intestine of the rat or golden hamster (Mesocricetus auratus) is described which permits convenient measurement of respiration and glycolysis during periods of active transference of substances across the wall. The difficulty of adequate oxygenation is overcome by everting a piece of intestine, tying it at both ends and filling with sufficient fluid to distend the wall. The eversion exposes the highly active mucosa to the well-oxygenated suspending medium, while the distension increases the surface area of the sac and reduces the thickness of the sac wall." Readers interested in a detailed protocol of preparing the everted sac are directed to Hamilton and Butt (17) .
Interestingly, Wiseman and Wilson wisely chose to test their preparation with glucose and methionine, which had previously been shown to be transferred against a concentration gradient (12, 14, 33) . Indeed, their results clearly demonstrated that, aerobically, glucose and methionine are transferred across the intestinal wall against a concentration gradient (36). They also demonstrated that, in the rat intestine, a large portion of the glucose metabolized appeared as lactate that accumulated inside the sac. Based on those results, Wiseman and Wilson suggested that the "conversion of glucose to lactate by the intestine may play a part in the absorption of glucose." What is amazing is that with such a simple preparation they were able to reproduce the results generated by others who used more sophisticated circulation units (Figs. 3 and 4) . Unfortunately, Wiseman and Wilson only published two papers together (36, 37) .
Wilson and Wiseman (36) stated a few advantages of their preparation that include: 1) the relatively small volume of fluid within the sac allows a quick rise in concentration which can be collected and measured and 2) adjacent pieces of tissue can be used simultaneously (36) . Indeed, others have expanded the list of advantages and disadvantages of using the everted sac prep. Sanford (28) described the advantages of the preparation, which include: 1) the fluid absorption into the sac can be determined gravimetrically; 2) the volume bathing the mucosal surface of the epithelium can be quite large, therefore, the concentration of substances of the bath are not appreciably altered; and finally, 3) the substances transported can be determined in both the "gut wall" or the "small volume" of the fluid bathing the serosa (fluid inside the sac); therefore, one can determine whether substances are being transported against their concentration gradients (radio-isotopic studies). Wilson (35) noted that one disadvantage of the method was that one obtains only one serosal sample, but he stated that Johnston (18) made a modification in which he tied a polyethylene tubing on one end of the sac allowing for multiple samples being collected through a fine needle. From a pharmacological slant, Alam et al. (2) suggested that the everted sac was useful as there is a large surface area available for absorption. However, they noted that 1) the muscularis mucosa, which is left on the intestine, might cause an underestimation of the transport of compounds that might bind to muscle cells; 2) altered nerve responses through neurons after a drug administration might have detrimental effects on transport; and 3) there is loss of enzymatic activity in in vitro conditions. Lastly, Acra et al. (1) agreed that the everted sac technique was "instrumental" in the advancement of study of glucose, lipid, and mineral transport. However, they noted that one must consider that the luminal and basolateral membranes are studied together and that measurements can be affected by back flux of the studied substance into the mucosal solution or by the effects of transport via the paracellular pathways (movement between the cells of the epithelium). Certainly, the use of any technique has pros and cons; however, the test of time is the development and modi-fications of a technique and that the technique is still contributing to the advancement of science.
Use of the Everted Sac Technique in Science and Beyond
It would be impossible within the scope of this article to encapsulate the diversity and breadth of animals used, the types of solutes studied, and the experimental applications performed using the everted sac. The intestine of a number of animals has been used in everted sac experiments, including rat, hamster, mice, guinea pig, rabbit, catfish, pig, turtle, chicken, sheep, mice, and goldfish (2, 36) . Certainly, this technique played a major role in much that is known about intestinal absorption. Even by 1962, Wilson (35) provided a brief list of the substances that had been used for the study of intestinal absorption that included inorganic salts, vitamins, sugars, amino acids, triglycerides, nucleotides and their derivatives, cholesterol, bile salts, and proteins. This list can be extended to include calcium, phosphate, zinc, iron, and testosterone among other substances with a quick literature search.
The simplicity of the technique is inviting and allows a multitude of possible applications. For instance, the research field of pharmacokinetics has embraced the use of the everted sac technique. As Alam et al. (2) suggest, the technique is appropriate for carrying out studies of drug absorption, drug metabolism, pro-drug conversion within the intestine, examination of efflux transport, multidrug resistance, drug interactions, and modulators of efflux transport on drug absorption. (2) make the point that the everted sac is sensitive and specific and that a number of factors contribute to the outcome and conclusions of pharmacokinetic investigations, which include animal factors (e.g., sex, species, disease state, chronic treatment and toxicity), the intestinal segment used (e.g., duodenum, jejunum, ileum or colon), and experimental factors (e.g., temperature, pH, aeration).
Passing on information and research techniques to the next generation of physiologists is a responsibility of us all. Research-informed teaching is a hallmark at the university level. The understanding of intestinal physiology is an important part of being a general physiologist. This can be implemented in many ways within the classroom and the teaching laboratory. Hamilton and Butt (17) recently published an article entitled "Glucose transport into everted sacs of the small intestine of mice" in the journal Advances in Physiology Education in the section "Sourcebook of Laboratory Activities in Physiology." The students learn to prepare everted sacs and then test the three tenets of the cellular mechanism of Na ϩ -glucose-coupled cotransport, which include: 1) the Na ϩ dependence of glucose absorption, 2) the dependence of glucose absorption by the Na ϩ -glucose cotransporter (SGLT1, SLC5A1), and 3) the role of the Na ϩ pump in glucose absorption by SGLT1. The students find the laboratory to be very challenging, and they appreciate the first-hand experience of using a technique to demonstrate the principle of glucose absorption by the jejunum of the intestine.
Final Thoughts
The impact of Wiseman's everted sac prep can be measured in a number of ways as has been alluded to within this paper.
However, Prof. Anthony Angel (3) stated it quite convincingly in an obituary about Wiseman in 2001: ". . . The preparation he devised . . . was destined to place Sheffield on the international transfer map and would make the Department of Physiology into the mecca for intestinal transfer for the next two decades" (3). Of course, Angel was speaking about the 1950s through the 1970s; however, we now know that the everted sac has "worked" its way into the new millennium. Will Wiseman's preparation be used to answer questions about intestinal physiology/pharmacology for the next 60 years? Only time will tell. . . 
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